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FOREWORD

This report is submitted in accordance with Contract NAS8-20223,
Acoustic Scale-Model Tests of High-Speed Flows, Phase II. This
study has been administered by the Unsteady Aerodynamics Branch,
National Aeronautics and Space Administration, George C. Marshall
Space Flight Center, Huntsville, Alabama.

The following Martin Company personnel other than the authors
were primarily responsible for the indicated work areas during the
course of the contract work:

D. Dowell - Propulsion System and Facility;

P. E. Bingham - Test Engineer.
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SUMMARY

The purpose of this contract was to conduct a scale-model test
program to determine the acoustical field generated by high-cham-
ber-pressure, hydrogen-fueled engines in various cluster configu-
rations. A total of thirteen acoustic measurements were taken
during eleven program firings. These eleven firings were composed
of three single-engine firings, three five-engine cluster firings,
two eight-engine clusters, and three twelve-engine clusters. The
acoustic measurements were divided -- four in the near-field and
eight in the far-field so as to be able to calculate the power
spectrum and the far-field characteristics as well as obtain the
near-field data. Engine data obtained for each firing include
mixture ratio, propellant weight flow, total thrust, and chamber
pressure. These data were acquired to describe the source charac-
teristics. The acoustic data were analyzed in 1/3-octave bands
for study over a frequency range from 50 to 10,000 cps.

The power spectrum, acoustic efficiency, and the directivity
indices were calculated from the far-field sound pressure level
spectra. The near-field decay upstream of the engine exhaust
plane and the apparent source location were measured with the near-
field data.

The characteristics of the acoustic fields were compared where
possible with the data from othrer investigators, using information
obtained from undeflected free jets only.

The data tabulation from all eleven program firings is included
in Appendix A.
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NOMENCLATURE

engine throat area

thrust coefficient

speed of sound

specific heat at constant pressure

overall diameter of cluster at nozzle exit plane
engine exit diameter

effective exit diameter of a cluster

diameter parameter from Ref 9

directivity index

engine throat diameter

frequency (usually the center frequency of each 1/3-octave
band)

thrust

specific impulse

exit Mach number

mixture ratio OZ/HZ

molecular weight

number of nozzles in the cluster
nozzle exit plane

chamber pressure

exit static pressure

power spectrum level in db re. 10 watts

acoustic power level in db re, 10 watts
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source-to-receiver distance

relative humidity

sound pressure level in db, re. 0.0002 pbar
combustion temperature

exit static temperature

engine exit velocity

velocity parameter from Ref 9

acoustic power

jet exhaust mechaﬁical power

downstream distance from nozzle exit plane
atmospheric absorption

ratio of specific heats

engine area ratio

acoustic conversion efficiency

Isp efficiency (measured)

angle from exhaust stream axis

density of exhaust gases at the exit
density of ambient air

oxygen weight flow

hydrogen weight flow

total propellant weight flow
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L. INTRODUCTION

The noise field generated by a high-thrust rocket engine can
contribute significantly to the total dynamic environment of the
launch vehicle, producing at times stringent, structural design
requirements,., This acoustic environment may be important for
both the liftoff and flight portions of the vehicle firing. In
addition, man does not function at peak efficiency in a high-
noise enviromment, so the rocket-generated noise field is im-
portant in the design and operation of man-rated systems, A
less important but still significant factor is the propagation
of rocket noise to areas surrounding the launch or static test
area, which interferes with the normal activities of man. For
these reasons, it is important to obtain a good understanding
of the mechanism by which rocket engines (and clusters of en-
gines) generate acoustic energy and the manner in which the
acoustic propagation takes place, The general area of aero-
dynamically produced noise has been investigated theoretically
but with limited success, The experimentally produced results
have been used much more extensively to solve the real engineer-
ing problems,

The work reported in this document was undertaken with the
objective of expanding the fund of knowledge concerning rocket
engine noise -- specifically, noise generated by various cluster
configurations, How the noise field is altered both in dis-
tribution and in spectrum content when changing from a single
engine to a cluster has not been completely described in the
past,

A total of eleven test firings were made during this program
with eight tests conducted during Phase I and three firings made
during Phase II. The eight firings of Phase I include three
repeatability firings made on a single engine and a five-engine
cluster, and single firings of two eight-engine cluster con-
figurations, The results of these firings are reported and
discussed in Ref 1,

The Phase II testing was made up of three twelve-engine
cluster configurations, each different from the other, The
results of these tests are described in this report, This re-
port also contains the discussion and comparison of all the
data produced during both phases of the study. 1In addition,
all data from both phases is tabulated in Appendix A,
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II. TEST PLAN

At the beginning of the test program, a document, "Program Fir-
ing Plan," was written and issued to indicate the general purpose
and scope of the test firings as well as the detailed information
required for coordinating the testing. The firing schedule was
included along with a description of the engine configurations.

A list of all measurements gave positions, ranges, and readout
equipment required. Finally a detailed description was given of
all necessary calibration and data reduction procedures.

Most of the details of the "Program Firing Plan' are included
in other chapters of this report. A summary of the test plan is
given in this chapter to acquaint the reader with the general scope
of the program firings and the data acquisition and analysis. This
plan covers both Phase I and Phase II firings.

A. PROGRAM FIRINGS

The eleven program firings are listed in Table II-1, which al-
so presents the engine configuration and measurement list. One
basic engine design was used throughout the tests with multiple
engine clusters composed of five, eight, or twelve basic single
engines. All firings were horizontal with no deflector present.
Firings 1 thru 3 were repeatability firings of the single-engine
configuration. Firings 4 thru 6 were repeatability firings of
the five-engine cluster, which is similar to the Saturn V cluster
configuration. Firing 7 was an eight-engine cluster similar to
the S-IB clustering, and Firing 8 was an eight-engine circular
cluster. Firing 9 was a twelve-engine cluster, Firing 10 a twelve-
engine circular cluster with engines canted 15 deg, and finally
Firing 11 was a twelve-engine circular cluster with 0 deg engine
cant. The orientation of the multiple engines is also shown in
Table II-1 with acoustic measuring plane at right angles to the
vertical axis,

Engine instrumentation includes chamber pressure in each cham-
ber, total thrust, two temperatures and pressures required for pro-
pellant weight flow and mixture ratio calculations, and four pres-
sures in the propellant supply lines. The acoustic measurements
were distributed between the far-field and near-field as shown in
Table II-1 for all firings. High-speed movies were taken of each
firing to be used for general flow visualization and any required
system troubleshooting.
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Table II-1 Program Firings

ACOUSTIC MEASUREMENT

ENGINE
PHASE TEST CONFIGURATION MEASUREMENT | NEAR-FIELD | FAR-FIELD
1 Single-Engine ° 10 b 9
2 Single-Engine ° 10 4 9
3 Single-Engine ° 10 4 9
b Five-Engine ® o 14 4 9
Cluster
e ©
I
5 Five-Engine . o . 14 b 9
Cluster e o
6  Five-Engine i .‘ 1k I 9
Cluster o o
7 Eight-Engine * _ o 17 ) 9
Cluster o0
o ®oe
o
8  Eight-Engine o "o 17 b 9
Cluster Circular ® °®
® : ®
9 Twelve-Engine ‘. .. 21 4 9
Cluster ® °
o0
g o
1I 10  Twelve-Engine e ° o 21 4 9
Circular Cluster ® ®
Canted 15o
g L)
L] ® )
11  Twelve-Engine e%e 21 4 9
Circular Cluster ¢ ¢
([ J ®
o [
® ° o
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B. TEST FIXTURE

The engines were designed to burn gaseous oxygen and hydrogen
at a mixture ratio of 3:1 and a chamber pressure of 1200 psia. En-
gine run time was set at a minimum of 3.0 seconds of steady-state
operation but generally exceeded this time. Single-engine thrust
on the order of 400 1lb was calculated with a total propellant
weight flow of 1.0 1b per sec. The calculated exit Mach number
was 3.5 for a fully expanded area ratio of 10. Other pertinent
engine and exhaust gas data are given in Table III-1.

Each configuration was mounted on a thrust stand firing hori-
zontally with the engine centerline six ft from the ground plane.
The single engine and the clusters were mounted on a thrust plate
designed to measure total engine thrust. The firing was controlled
automatically by a control console that provided a programed se-
quence of events.

C. ACOUSTIC MEASUREMENTS

The far-field microphones were on poles six ft above the
ground plane on a 120-ft radius measured from the engine exit.
The far-field positions are shown in Fig. II-1. The measuring
plane was flat, sloping gently from the 160-deg to the 20-deg po-
sition and is composed of bare packed earth. The near-field acous-
tics measurements were taken at three locations near the engine
and at the boundary of the exhaust stream by a traversing micro-
phone. These near-field data points are shown in Fig. II-2. The
diameter used in positioning the three microphones on the stand
was an effective exit diameter that is an equivalent flow diam-
eter of the clusters. »

All acoustic data were acquired using the Bruel and Kjaer 1/4-
in. condenser microphone systems, connected by coaxial cable to
the signal conditioning equipment, and a l4-channel CEC magnetic
tape recorder. The frequency range was 50 to 10,000 cps. An
electrical system calibration for each data channel was made prior
to the test series. An end-to-end amplitude calibration was made
before each firing using the B&K Pistonphone. 1In addition, each
microphone was calibrated by the reciprocity method and the elec-
trostatic actuator twice during the test series.
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20°

Fig. I1-1 Far-Field Measurement Locations
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TRAVERSING
MICROPHONE
AND PATH

NEAR FIELD MICROPHONES
AT EXIT PLANE (D,)
3D, FROM EXIT PLANE (3D, )1
16D, FROM EXIT PLANE (16D,)-T

[E— + -

Fig. II-2 Near-Field Measurement Locations
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All acoustic data were reduced to overall time histories to
aid in selecting the data sample to be analyzed and to review gen-
eral data quality. A 1/3-octave band analysis was then made of
the resulting tape loops using the B&K 1/3-octave analyzer. The
traversing microphone data were analyzed in 1/3-octave band time
histories, to be later converted to sound pressure level as a
function of distance.
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I1I. PROPULSION SYSTEM AND ENGINE PERFORMANCE

This chapter provides a general description of the facility
and propulsion system and documents the engine performance for the
Phase II test firings. The details of the test fixture are given
in Ref 1. The engine performance for the Phase I firings is also
given in detail in Ref 1, while the pertinent performance results
are summarized in Tables III-2 and III-3 for both the Phase I and
Phase II firings.

A. PROPULSION SYSTEM

1. Engine Design

The basic engine that is mounted on the thrust plate is com-
posed of the thrust chamber case, graphite liner and throat, in-
jector plate, back plate, and igniter. Fig. III-1 shows in sche-
matic form the engine assembly, while Fig. III-2 is a picture of
the case with the igniter in place. The engine case was made of
stainless steel with Rokide Z coating on the nozzle walls. The
graphite liner is wrapped in a glass phenolic material and must
be replaced with each firing. The graphite throat suffers some
throat erosion as evidenced by the decaying chamber pressure
shown later. The engine case is reusable requiring only refurbish
of the Rokide Z coating after a few firings. The injector plate
has a single port 02 injector in the center with a multiple port
H2 injector on the periphery. Seventy-five percent of the fuel
flow is directed at an angle toward the oxidizer stream and twenty-
five percent flows axially along the thrust chamber walls for film
cooling. The back plate holds the propellant supply lines from
the manifold. The igniter is an automobile spark plug (Champion
N-3) with a modified gap (Ref 1). Separate transformers for each
engine provided 10,000 vac at 0.023 amp to the igniters. These
transformers operated from ll15-vac power. Details of the engine
design and the checkout firings are contained in Ref 1. The en-
gine geometry and performance are given in Tables III-1, III-2,
and III-3.
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Table III-1 Calculated Engine Performance Data

Gaseous Hydrogen and
Propellants Gaseous Oxygen

Computer Mixture Ratio, MR 3:1
Program .
Input Nozzle Expansion Ratio, Ae/At © 10.0

Chamber Pressure, Pc 1200 psia

Nozzle Exit Pressure, Pe 11.8 psia

Exit Mach No., Me 3.5

Exit Static Temperature, T_ 1800°R

Exit Density, Pe 0.00496 1lb/cu ft
Computer Specific Heat at Constant
Program Pressure (Exit), c 1.02 Btu/1b °R
Output P

Molecular Weight, MW 8.04

Combustion Temperature, Tc 4844°R

Specific Heat Ratio, 7 1.32

Specific Impulse, Isp 415 sec

Thrust Coefficient, CF 1.60

Thrust (100% Efficiency), Fg 415 1b

Exit Velocity, u 12,900 fps
Other Propellant Flow, & 1.00 1b/sec
Data P

Nozzle Exit Diameter, de 1.56 in.

Nozzle Throat Diameter, Dt 0.494 in.

Ambient Pressure in Denver 11.8 psia
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Engne Thrust Plate

Oo Supply

Engine Back Plate

H2 Supply

1

injector Plate

H2 injector

O Injector

Engine Casing

Engine Liner

Scale: appox. 1/3

Fig. III-1 Engine Assembly Schematic
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2. Propellant Supply and Transfer System

A schematic of the propellant supply and transfer system is

shown in Fig. I11-3. The GO2 storage consists of 72 standard K

bottles manifolded together with a storage pressure of 2400 psig.
Loading provisions permit the gas supply to be replenished by com-

mercial delivery. The GH2 storage is composed of high pressure

steel cylinders with a total water volume of 58.5 cu ft. The max-
imum allowable storage pressure is 2900 psig. Liquid hydrogen is
loaded into a vacuum jacketed sphere with a capacity of 5.5 cu ft.
The sphere is then opened to the storage tanks and the liquid gases
off into the storage system. The hydrogen system is located in

an earth revetment 70 ft from the test area for safety reasons.
Both propellants are transferred to the thrust stand through 1 1/2-
in. stainless steel lines and controlled and regulated by remote-

ly controlled valves and pressure regulators as shown in Fig. III-
3.

On the thrust stand, the propellants are transferred to the
engine injectors via two cylindrical manifolds and a set of to-
roidal manifolds. The latter permit individual flexible hoses to
supply propellant from the toroidal manifold to each engine. Fig-
ure III-4 is a view of the thrust stand and acoustic measuring
field., Figure III-9 shows the thrust stand supply lines and man-
ifold system.

A thrust plate, on which the engines are mounted, is connected
to the thrust readout by a steel shaft. This shaft is supported
from the thrust mount by bearings which permits free horizontal
motion. The thrust plate is isolated mechanically from the rest
of the thrust stand by use of flexible supply hoses.

There were two principal changes to the propellant supply and
transfer system from the Phase I configuration. The hydrogen stor-
age capacity was increased by 27% in order to have adequate fuel
for a three-second firing. The flow capacity in the oxygen sys-
tem was increased by adding a 1 1/2-in. regulator in parallel with
the existing regulator. Both of these changes were necessary be-
cause of the increased propellant flow rates required by the twelve-
engine clusters.

3. Control and Firing Sequence

The control console was specifically designed to operate the
described propellant system. It consists basically of a timer and
an array of stepper switches that automatically operate the neces-
sary valves during a firing. Valve timing can easily be altered
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for each function by a patch panel. 1In addition to the automatic
control capability, the console provides for command shutdown and
contains appropriate position lights for all valves. The control
console is operated by 28-vdc power.

The actual sequence of valves during firing was automatically
controlled by the test console. Figure III-5 represents the se-
quence of events during a typical firing. Before the fire switch
is actuated, a nitrogen purge was established in the fuel manifold
system and engine to ensure that all air was eliminated before hy-
drogen entered the system. This purge was continued throughout
the run and during post-test; however, a check valve prevented hy-
drogen flow into the purge system during the 6-sec period of fuel
flow. The automatic timer opened the fuel thrust chamber valve;
0.5 sec later it closed the oxygen manifold vent and opened the
oxygen thrust chamber valve. At this point ignition occurred, and
immediately thereafter the power supply to the ignition system was
manually shut off. This was done to reduce the ignition system
operating time, since the electronic interference from the spark
system was reflected in both the acoustic and engine data. During
actual firing, the oxygen purge valve was manually opened permit-
ting nitrogen purge of the system as soon as propellant pressure
dropped.

This sequencing provided approximately 3.5 sec of engine op-
eration during which a minimum of 3 sec of steady-state data was
obtained. Hydrogen flow continued for 2 sec after oxygen shutoff
to ensure a fuel-rich shutdown, and a N2 purge of both systems
then continued for several minutes.

This sequence of events is only slightly different from those
in the Phase I firings.

4. Engine Instrumentation

The thrust was measured using the readout of a standard load
cell in the thrust mount. Isolated mechanically by the supply
flex lines, the mount transmits engine thrust along a central
shaft which was supported in pillow blocks. These bearings carry
the load of the engines and engine mounting plate and permit the
movement of the shaft. A calibration fixture has been made using
a hydraulic cylinder for the load input and an external calibrated
load cell to measure the input force. Readout was with (as with
all present engine instrumentation) a CEC oscillograph.

17
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The propellant weight flow was calculated by measuring the tem-
perature and pressure in the propellant manifolds upstream of the
choked venturis. '

Engine chamber pressure was instrumented by a tap immediately
downstream of the injector face. A short length of tubing filled
with silicon grease isolated the transducer from the engine cham-
ber. The line pressure was also recorded upstream and downstream
of the regulator in both propellant supply lines. All pressure
transducers were calibrated using a dead weight calibrator produc-
ing an end-to-end system calibration.

An events recorder was used to both set the start sequence be-
fore firing and to record the actual valve timing during the fir-
ings.

B, ENGINE PERFORMANCE

The Phase II program firings were conducted in August and Sep-
tember of 1966. Tables II1I-1, III-2, and III-3 are summary tables
of facility and engine performance data. Table III-1 contains en-
gine exhaust data useful in the acoustic data correlation. These
tables contain the data for both the Phase I and Phase II firings
since the acoustic data correlation and comparison will make use
of the data gathered during both phases.

In Table II1I-2, it should be noted that there is a difference
in the measured ISp and thrust coefficient values between the Phase

I and Phase II firings. Since these are identical engine and in-
jector configurations, no difference in specific impulse and thrust
coefficient would be expected.

The most reliable measurements based on experience and repeated
calibration are the propellant weight flow and chamber pressure
measurements. The thrust measurement depends critically on the
thrust stand calibration under simulated firing conditions, i.e.,
with propellant feed lines pressurized, and is therefore consid-
ered the less reliable absolute measurement. Since the initial
throat area can be determined accurately, the calculated thrust
in Table III-2 for the Phase II firings has been determined by
using the initial throat area, the measured peak chamber pressure,
and the average thrust coefficient determined from Firings 3 thru
8. The agreement between this calculated thrust and the measured

19
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thrust from the Phase I firings is good when consideration is made
for the chamber pressures. The calculated specific impulse is then
obtained by using this calculated thrust and the measured propel-
lant weight flow. Again, these calculated impulse values are in
fair agreement with the measured ISp from the Phase I firings.

For the calculations involving thrust and specific impulse in Chap-
ter VI, the measured values have been used for the Phase I firings,
and these calculated values were used for the Phase II firings.
Table III-2 does contain all the measured data for reference.

The chamber pressure was measured in each engine during the
firings and the traces of pressure as a function of time are shown
in Fig. 1I11-6, III-7, and III-8 for Firings 9, 10, and 11. The
decay in chamber pressure is due to throat erosion during the dur-
ation of the firing. The acoustic data do not vary significantly
during the firing indicating no dependence on chamber pressure per
se.

Figures III-9, III-10, and III-11, show the three twelve-en-
gine cluster configurations tested during the Phase II effort
mounted on the thrust stand. The nozzle spacing at the exit was
held constant for each of the cluster configurations. Figure III-
12 is a sketch showing the dimensions of the nozzle spacing for
all program firing configurations. All the cluster configurations
had similar exit plane spacing, which was fixed mainly by the en-
gine flange diameter.

A brief description of each of the Phase II firings is given
below.

1. Program Firing No. 9

This test used the twelve-engine cluster configuration. Re-
sults were satisfactory in all respects, with approximately 3.0
seconds of steady-state data obtained. Because of the proximity
of the inner diameter of engines to the outer it was not possible
to install chamber pressure instrumentation in the four innermost
engines. Data were not valid for two of the remaining engines.

Figure III-6 presents a time history of the chamber pressure
data obtained during this run. The average maximum chamber pres-
sure for these engines was 1192 psi. No damage to engine hard-
ware was sustained other than the normal erosion of the graphite
nozzle liner.
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Fig. III-6 Engine Chamber Pressure Time History, Firing No. 9
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Fig. III-7 Engine Chamber Pressure Time History, Firing No. 10
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Fig. I1I-8 Engine Chamber Pressure Time History, Firing No. 11
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Fig. III-9 Twelve-Engine Cluster, Firing No. 9
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Fig. III-11 Twelve-Engine Circular Cluster, Engine Cant Angle = O deg,
Firing No. 11
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2. Program Firing No. 10

This firing was the circular cluster with all engines canted
15 deg toward the centerline of the thrust plate. Results were
again satisfactory. No hardware damage was observed, and good
agreement with results of Firing No. 9 was indicated. Approxi-
mately 2.6 seconds of data were obtained prior to shutdown.

Figure I1I-7 presents the chamber pressure data on this run.
Consistent results are noted with the average maximum pressure

equal to 1237 psi.

3. Program Firing No. 11

This test used the twelve-engine circular configuration with
all engines on centerline. Results were again satisfactory, and
no significant damage was noted. Engine chamber pressure data
(Fig. II1I1-8) indicate an average maximum of 1231 psi. Thrust
chamber valve closing was extended one sec for this run to increase
the period of steady-state run time as much as possible.
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IV, DATA ACQUISITION AND ANALYSIS SYSTEMS

This chapter describes the acoustic data acquisition and re-
duction systems, including calibration procedures. The systems,
although not unusual, meet the program requirements for relia-
bility and accuracy. The data handling is described to famil-
iarize the reader with the steps involved,

A, DATA ACQUISITION SYSTEM AND PROCEDURES

The acoustic measurement points were divided into nine far-
field and four near-field measurements, The far-field data were
taken at nine angular positions (see Fig., II-1) on a 120-ft
radius measured from the engine exit plane, The microphones
were mounted on 6-ft high poles with fiberglas mounts at an
angle of incidence equal to 0 deg. In Fig. IV-1, a typical
far-field measurement point is shown, The microphone power
supply is located in the box mounted on the lower part of the
pole,

The near-field positions included three pickups mounted
along the engine centerline and upstream of the engine exit and
one microphone that traverses outside of and parallel to the
engine exhaust stream, Figure II-2 shows the location of these
near-field points. The exit plane position was fixed for all
firings, with the 3—De and 16-De positions moved for different

cluster configurations based on the effective cluster diameter.
(Effective diameter was calculated by multiplying the square
root of the number of engines by the exit diameter of a single
engine.) At these three positions, the microphones were mounted
at grazing incidence.
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Fig. IV-1 Far-Field Microphone System Installation
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The traversing microphone was 22 in, to the side of the clus-
ter centerline when positioned axially at the engine exit plane.
The sensing element was 8 in, above the centerline of the cluster
at all times, This latter position was necessary to minimize the
view angle of the microphone diaphragm and thereby reduce radia-
tion heating to a minimum. The traverse microphone started 11
in. upstream of the engine exit plane and ran along an angle of
10 deg (ref the cluster centerline) at a speed of approximately
3.5 fps. The motion was supplied by a 28-vdc motor and pulley
system mounted on a stand 60 ft from the engine. The carriage
holding the microphone remained in an upright position during
travel, The extension cable connecting the microphone to the
power supply was suspended from a cable above the thrust stand
and was paid out as the microphone traverse required,

A high-speed movie camera (~125 frames/sec) recorded each
firing from a point just downstream of the exit and 15 ft to
the side of the stand. This film coverage was used for general
flow visulization and propulsion system performance and as a
calibration method for the traversing microphone.

A block diagram of the acoustic data acquisition system is
shown in Fig, IV-2. The %-in. Bruel and Kjaer microphones have
a usable frequency range from about 20 cps to 100 kcps, being
down approximately 3 db at the lower frequency and less than
that at the higher frequency according to the manufacturer's
specifications. The frequency range of interest for this pro-
gram was from 50 to 10,000 cps so the microphone frequency re-
sponse has no problem in covering this range. The total measure-
ment system frequency response was fixed at the high end by the
tape recorder response (0 to 10,000 cps at 60 in./sec) and the
Dana amplifiers (0 to 10,000 cps), and at the low end by the
microphones. The resulting system frequency response was 50
to 10,000 cps, flat within + one db. The total dynamic range
usually achieved was about 40 db, This is set mainly by the
low signal output from the mikes to the Dana amplifiers.,

The acoustic calibration procedures consisted of: (1) mi-
crophone system calibrations performed by the primary standards
laboratory; (2) system electrical calibrations performed in the
field; and (3) prefiring and postfiring acoustic calibrations
to establish the absolute system gain.
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TAPE PLAYBACK DECK
AMPEX

ES 100

oBake

OSCILLOGRAPH
CeC TYPE 5-119

a0 ko

LOOP MACHINE
AMPEX ES 200

THIRD OCTAVE
SPECTROMETER
B&K TYPE 2112

LEVEL RECORDER
B &K TYPE 2305

Fig. IV-2 Block Diagram of Data Reduction System
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The primary standards laboratory made a microphone frequency
responge calibration twice during the Phase I firings and once
during Phase II using the Bruel and Kjaer electrostatic actuator
and covering the frequency range from 20 to 10,000 cps. The abso-
lute sensitivity was determined by the reciprocity technique using
a secondary laboratory standard microphone. This was done twice
during the program. The differences between both calibrations
were on the order of 0.5 db,

The electrical system was calibrated by inserting an accu-
rately measured sine-wave signal into each cathode follower
and recording this signal on magnetic tape as the frequency was
varied in discrete steps. An analysis of the tape playback gave
the signal deviation as a function of frequency. This system
calibration produced corrections on the order of +0.5 db over
the frequency measuring range,

Prefiring and postfiring calibrations were made using the
Bruel and Kjaer pistonphone corrected for the barometric pres-
sure., In some cases, the direct output from a channel was too
high or too low to be recorded directly on the tape. In these
cases, a signal substitution method was used by accurately
measuring the microphone system output for the known input, i.e,,
the pistonphone. Prefiring and postfiring calibrations were
always within +0.5 db.

The tape recorder oscillators were set up before each firing
to ensure maximum dynamic range. The condition of each system
was determined before each firing by observing the calibration
signal on an oscilloscope, looking for general waveshape distor-
tion and 60-cycle noise. The tape system distortion and cross-
talk were measured only at the beginning of the program and .
were found to be at acceptable levels. The distortion measure-
ments were used to determine the maximum signal that could be
fed into the recorder before a significant amount of distortion
was produced. In rocket engine noise measurements, since the
expected levels can only be estimated, the tendency is to push
the signal level high to maintain a good signal-to-noise ratio.
The danger in this lies in a resulting signal level that over-
drives the tape electronics and produces clipping with attendant
distortion, The dynamic range of all channels was checked when
set up at the highest expected gain settings, All channels
proved to have an overall signal-to-noise ratio in excess of 33
db. 1In most cases, the signal-to-noise ratio during a firing
exceeded this value.
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Reduction of the traverse microphone data results in a 1/3-
octave band SPL as a function of time. It is necessary to convert
this to a SPL as a function of distance from the nozzle exit plane
to obtain the apparent source location data. If the microphone
travels at a constant speed, a correlation of the start and stop
positions with time would fix the time and distance scales, Cali-
bration using a 1/100-sec electrical timer and a measuring tape
proved that the speed of travel had both linear and nonlinear
regions, As a result, two methods of fixing the time and dis-
tance relationship were used -- the high-speed firing movie, and
the velocity calibration curves and a start/stop signal on the
magnetic tape,

The first method was accomplished by setting striped poles
in line with the camera and at specified axial distances from
the nozzle exit plane (0, 2.5, and 5 ft). Since the camera film
speed can be obtained accurately, the number of frames were
counted between successive pole crossings to determine the trav-
erse position relative to ignition. This method is most accurate
in the region of O to 5 ft from the nozzle exit plane,

The second method was accomplished by placing a spike on the
voice channel of the magnetic tape at the microphone start and stop
times. This spike was generated by the same circuitry that was
used to actually provide power to the dc motor driving the trav-
ersing carriage. Since a previous calibration had been made of
the microphone position as a function of time, the time scale
can be converted to a distance scale,

An important part of the data acquisition program was to
acquire meteorological data pertinent to the objectives of the
tests, For example, a contract requirement was that no testing
should be done with winds in excess of 5 knots, A roof-mounted
anemometer was used to obtain local wind velocity and direction
both of which were recorded on a potentiometric recorder at the
time of test.

The local Martin Company weather station provided dry-bulb
temperature, dew point and/or relative humidity, and barometric
pressure corrected to the laboratory altitude at the time of each
test firing. The weather station is located about % mile from
the test site on a hilltop. There was evidence from the Phase I
data that the atmospheric acoustic attenuation which was cal-
culated based on the station weather data was high, For this
reason the wet and dry bulb temperature and the barometric pres-
sure were measured at the test site during the Phase II firings.
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This weather information permitted the calculation of engine per-
formance and atmospheric acoustic attenuation as well as ensuring
that the contract requirement concerning wind velocity was met,

B. DATA REDUCTION SYSTEM AND PROCEDURES

The primary data reduction system used is shown in block
diagram form in Fig, IV-3, The Ampex ES 100 was used to play
back all tapes for the overall time histories and to reduce
the traversing microphone data. The Ampex ES 200 loop machine
was used for all 1/3-octave band analyses of each data sample,
The Bruel and Kjaer audiofrequency spectrometer was used for
both the overall and 1/3-octave band analyses, The data were
recorded on the Bruel and Kjaer level recorder. For most of
the tests, an unfiltered oscillographic record was made of
each data channel using the CEC Type 5-119 oscillograph. The
data reduction system correction is included in the previously
described system electrical response.

The data reduction procedures consisted of two steps. The
data were played back unfiltered and recorded on the Bruel and
Kjaer level recorder and the CEC oscillograph as overall rms
time history and waveform history, respectively, Examination
of these records was made to determine the general quality of
the signal and to detect if any clipping or other distortion
was present, Correlation of this record with the engine per-
formance data permitted a data sample to be selected during the
steady-state portion of the test, Since the prefire noise was
also recorded, the overall signal-to-noise ratio was measured
at this time, The sample times were between 2.5 and 4,0 sec for
all runs and are listed in Table A-1 in Appendix A. After the
data sample was selected, the 1/3-octave band analysis was per-
formed on all acoustic measurements except the traversing micro-
phone. The 1/3-octave analyzer was set at a scan rate of one
1/3-octave band in 4 sec, This scan rate ensured that all data
from the sample would be used,
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ONE OF THIRTEEN SIMILAR CHANNELS.

CONDENSER MICROPHONE, 1/4"
BRUEL & KJAER TYPE 4135

CATHODE FOLLOWER
B&K TYPE 2614

POWER SUPPLY/_\

B&K TYPE 280i

APPROX. 200 FT.

COAX CABLE
RG 62U
FIELD
BLOCKHOUSE
AMPLIFIER
DANA MODEL 22II
TA;QAEAEE(E:EQDER TAPE RECORDER
CEC PR 2300 ATTENUATION PANEL

Fig. IV-3 Block Diagram of Acoustic Data Acquisition System
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The statistical accuracy of a broadband data analysis is a
function of the sample time and bandwidth, For constant per-
centage bandwidth analysis, the lowest frequency band is the
most unreliable. Confidence limits have been calculated from
Ref 2 for the lower l/3-octave bands and a sample time of 3 sec.
The results are that 90% of the data in the 50-cps band should
lie within -1.1 and +1.3 db of the measured value. Since most
of the data samples used are for longer sample times, this range
will decrease. For example, a 4-sec data sample will give limits
for the 50-cps band of from -1,0 to +1.1 db for 90% of the data.

One run was used to determine the 1/3-octave band signal-to-
noise ratio, and some results are seen in Fig. IV-4., This is the
worst case and shows that 64 cps is the only band that comes even
close to a bad signal-to-noise ratio,.

The traversing microphone data reduction was analyzed in 1/3-
octave bands as a function of time, The marking channel on the
Bruel and Kjaer level recorder was used to record the start and
stop signals from the tape. Various events can be easily detected
on the overall trace on the level recorder, The traverse micro-
phone is stationary during the start transients and is activated
only after the engines are running. The events in the start se-
quence can be identified and assist in the checking of the trav-
erse microphone position, The level recorder speed is an important
variable in determining the microphone position and, for this
reason, was checked by playing an accurate one-pps signal on the
marking channel and running the tape at an indicated speed of 30
mm/sec., This check showed that the level recorder tape speed was
accurate and stable.
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V. RESULTS OF PROGRAM FIRINGS

A, ANALYSIS PROCEDURE

The 1/3-octave band sound pressure levels were tabulated from
the level recorder traces by taking an average value in each band
where some variation in time was present, These data were then
corrected for the microphone and electrical system responses,

For the frequency range of interest, the sum of these two correc-
tions was important only in the lowest and highest frequency bands
and only rarely had a maximum value as high as 1,0 db, In addition,
the far-field data were corrected for the atmospheric attenuation,
This correction for a measuring radius of 120 ft is ordinarily
small if the relative humidity exceeds 50%. In this program, due
to the low prevailing relative humidity of the area, the atmos-
pheric attenuation (@) is unusually large. The procedure to obtain
the attenuation values given in Table V-1 was as follows. The
absolute humidity was calculated from the weather data given for
each test in Table A-1 of Appendix A. The experimentally deter-
mined data from Ref 3 were then used to determine the attenuation.
Reference 3 gives a graphic relationship between absolute humidity
and attenuation (@) when the maximum attenuation for a given fre-
quency is known to occur at a given absolute humidity. (This cal-
culation contains an altitude correction due to the fact that a
measured dry-bulb temperature and dew point were used in obtaining
the value of absolute humidity.) The temperature and dew point
were supplied by the weather station located at the laboratory
where the measurements were made,

The wind condition at the time of firing is noted in Table
A-1 in Appendix A, It will be noted that for Firing 9, the wind
speed is listed as 4-13 mph. The wind was less than 4 mph pre-
vious to the firing with the 13-mph upper limit due to a gust be-
fore the firing was completed. Since an examination of the data
(SPL as a function of time) did not indicate any marked effect
due to the gust, it has been assumed that the wind was local and
did not alter the sound field appreciably.

The acoustic power level spectrum was calculated for each
firing by integrating the intensity over a hemisphere using the
measured far-field sound pressure levels, A value of P c, was

determined for each firing to use in this calculation and was
generally on the order of 33,5 rayls,
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The traversing microphone data results are given in Appendix
A in terms of SPL as a function of distance from the nozzle exit
plane. In addition, to determine an effective source distance,
the peak in each curve was noted, and two distances recorded
where the SPL was one db below the peak on each side. This rep-
resents to some extent the definition in determining an apparent
source location and results in an area for each source rather
than a fixed point,

B. RESULTS

The acoustic data have been tabulated and summarized in
Appendix A, These tables give the results for all eleven pro-
gram firings, tabulating the 1/3-octave band power spectra, the
sound pressure level spectra, and the sound pressure distribution
along the exhaust stream boundary.

There were 13 acoustic measurements planned for each of the
11 program firings for a total of 143 measurement points, Of
the 143 planned measurements, nine were unsuccessful due to
equipment malfunction, Five of these nine were far-field data
needed to calculate the acoustic power spectrum, To supply the
missing data for the power level calculation, the 1/3-octave
band sound pressure levels were plotted for the firing, and the
missing data points were interpolated or extrapolated as nec-
essary. Data obtained in this manner are so noted in the tables
of Appendix A,

The traversing microphone data were not obtained on four of
the firings for three different reasons. The calibration tone
was lost on two firings, the traversing mechanism seized on one
firing, and the microphone was damaged on Firing 11.

The first six program firings were made in two groups of
three identical configurations to obtain a measure of the re-
peatability of the overall system, Reference 1 contains a
discussion of these data. The major results are that the re-
peatability of the far-field SPL spectra is +3 db for 95% of
the points, and for the power spectra, it is +2 db for 98% of
the 1/3-octave bands.



42

Martin-CR-66-75

The discussion of results and comparison with other similar
work is contained in Chapter VI. The one set of curves in Fig,
V-1 will serve to illustrate several points., These are the 1/3-
octave band power spectrum curves for Firings 1, 4, 7, and 10,
The "dip'" in the spectrum at 315 to 400 cps for Firings 1, 4, and
7 and at 800 cps for Firing 10 are attributed to a ground attenua-
tion phenomenon discussed in detail in Appendix A of Ref 1, This
absorption is a function of source and receiver geometry and the
specific impedance of the ground plane. The theory in Ref 1
shows that the maximum attenuation occurs at an increasing value
of the frequency as the impedance increases, The trend is borne
out by the data of Fig, V-1 and the observation of the change in
the ground conditions between the Phase I and Phase II firings,
The ground during the Phase 1 firings was generally soft with a
low specific impedance (actual values are given in Ref 1). 1In
preparation for the Phase II firings (9 thru 1l1), the measuring
plane was scraped and packed resulting in a ''hard" surface with
undoubtedly a higher specific impedance, This effect makes the
data interpretation difficult but, in most cases of the study in
Chapter VI, it is easily identifiable,

The spectrums in Fig, V-1 also illustrate the marked change
in the spectrum shape resulting from the cluster configruations.
The sharp rise in the low frequency noise results in a shift of
the peak of the spectrum to lower frequencies for the larger
clusters, The high frequency components, after an increase be-
tween the single engine and the five-engine cluster, do not
further increase in magnitude for the larger clusters,
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VI, DISCUSSION OF DATA AND DATA COMPARISON

The noise source produced by high-speed gas flow is a compli-
cated phenomenon. In spite of the fact that much theoretical and
experimental work has been done in this field, it is not now pos-
sible to accurately predict the noise source characteristics or
resulting acoustic field using the obtainable aerodynamic data of
the exhaust stream. A step in this area has been taken (Ref 4)
where the acoustic power spectrum of a subsonic jet has been cal-
culated using aerodynamic variables of the exhaust., Specifically,
the mean velocity distribution in the exhaust is coupled with an
apparent source location to calculate the acoustic power spectrum,

In the absence of a similar method for rocket exhaust sources,
the approach of developing correlation parameters has been used
most often. Many parameters, such as the '"generalized power spec-
trum,' have been produced in an effort to provide the means with
which to predict the acoustic characteristics of rocket motor ex-
hausts not previously measured or perhaps even built. 1In addi-
tion to providing a means of extrapolating, the correlation param-
eters can also give a qualitative insight into the basic noise
source mechanism,

The acoustic power spectrum and the directivity are source
characteristics necessary to define the far acoustic field. These,
coupled with the "apparent source location' in the stream, have
been used with some success in defining the near/field environ-
ment, Finally, the correlation of the near-field acoustic environ-
ments along the upstream axis of the flow is a useful parameter,

This chapter contains a discussion of the data gathered dur-
ing both Phase I and Phase II of this contract. This discussion
is combined with a comparison of these data, information produced
by other researchers, and some suggested correlation parameters.

Tables VI-1 and VI-2 are tabulations of the engine performance
data for the present work and for the various sources used in the
correlation study. Most of the data are included in the referenced
reports; however, some has been estimated in order to make use of
the acoustic data. It should be emphasized that the data selected
for comparison were obtained, as in the present work, from unde-
flected high speed exhausts, The discussion is broken into five
main areas -- the overall acoustic power level, the acoustic power
spectrum, the directional effects, the apparent source location,
and the near sound field.
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A. OVERALL ACOUSTIC POWER LEVEL

The acoustic efficiency of an exhaust stream is defined as
the ratio of the acoustic power to the mechanical power of the
exhaust., This parameter has been proven useful in correlating
the efficiency as a function of mechanical power, as in Ref 5.

6
Guest used data over a thrust range of 4000 to 1.5 x 10 1b and
showed that the efficiency (n) increases with mechanical power,
approaching a constant value of 0.67% for mechanical powers on the

order of 1012 watts.

The results of the present work are shown in a different form
in Fig, VI-1 (also in Table VI-2) along with data from the indi-
cated sources, Here, the total acoustic power is plotted as a
function of the stream mechanical power with lines of conversion
efficiency (1) drawn in. The results of the present work, rang-
ing in thrust from 400 to 4600 1lb, lie along the 0.25% efficiency
line, Guest's curve indicates an efficiency of about 0.2% for

mechanical powers on the order of 107 watts, It is obvious from
Fig, VI-1 that there is considerable scatter of the data over a
wide range of mechanical power, For example, efficiences as high
as 2.4% were obtained by Morgan (Ref 6) at a mechanical power of

106 watts. This is an order of magnitude higher than would be
expected based on the trend established by the other data.

There is also some scatter between the various cluster con-
figurations of the present work, The changing efficiency here can
be interpreted another way, namely as an effect of clustering.
Table VI-3 gives the measured power level of each cluster and the
power level which would be expected if the clusters exhibit the
same efficiency as the single engine., The difference is a meas-
ure of the effect on the total acoustic power of clustering a
number of engine modules. That the reduced power level (e.g.,
-~2.5 db for Firing 11) is an effect due to clustering is supported
by the few investigators who have worked with clustered nozzles,
Measured results in Ref 7 and 8 confirm this result, while the
theoretical work of Potter and Crocker in Ref 9 recognize the ef-
fect as being due to shielding of the "inner'" acoustic sources of
the cluster,
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Fig. VI-1 Comparison of Acoustic Efficiency, 7
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Table VI-3 Effects of Clustering on Overall Acoustic Power Level

49

Measured Ove;all Aﬁousiic
Overall Acoustic ow?r eve . A Power
of the Single Engine
Power Level + 10 log AW Level
Firing | Configuration (db) ( 8 AW (db)
1-3 Single Engine 170 170 --
4-6 Five-Engine .
Clusters 176 177 -1
7-8 Eight~Engine
Clusters 177 179 -2
9 Twelve-Engine
Clusters 181 180 +1
10 Twelve-Engine, 181.5 180.5 +1
Circular,
Canted
11 Twelve-Engine, 178 180.5 -2.5
Circular
Note: AW = the increase in mechanical stream power of the given cluster

over a single engine.

that clustering has on the acoustic power spectrum.

B,

ACOUSTIC POWER SPECTRUM

The present work offers the opportunity to explore the effect

Since the

data used to determine the various generalized power spectrums,
such as Ref 10 and 11, are produced by single nozzles, the ques-
tion arises as to the characteristic diameter to be used in cor-

relating clustered engines.

In the past, an equivalent diameter

has been used and is defined as the diameter of a single nozzle

with the exit area equal to the total cluster exit area or, De

Wde.
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This diameter may not represent any real physical dimension
in the exhaust stream but is the diameter of an equivalent single
engine flow area,

Figure VI-2 shows the power spectrum correlation of the pres-
ent work using this effective diameter. The ordinate in the fig-
ure is one proposed by Cole in his correlation of power spectrum
data in Ref 10. The data used here are the 1/3-octave power
spectrum levels and are the actual data points, The effect of
the ground attenuation discussed previously is evident in the
"dip" in the data points. This correlation gives a fair collapse
of the data, but the resulting curve does not agree with Cole's
generalized spectrum which peaks at a Sthrouhal number of 0.025
and at +11 db on the ordinate

The bottom plot in Fig, VI-2 uses the diameter of the cluster
as the characteristic diameter with the result that the data again
correlates, but the agreement with Cole's curve is not very good.
This cluster diameter is measured between the outer edges of the
outside engines in each cluster and comes closer to representing
an actual stream dimension than the effective diameter. To com-
pare with other investigators, the plot of Fig, VI-3 is used,
which is from Manhart (Ref 11) and contains data from Cole (Ref
10), Morgan and Young (Ref 6), and the present work., This cor-
relation technique does not work well as can be seen from the
figure, Table VI-1l, which contains the performance data for these
references, shows a wide range of thrust, velocity, and nozzle
diameter covered in the attempted correlation in Fig., VI-3, The
magnitude of the factor Ue/'De seems to be involved in the data

scatter, indicating that the basic correlating parameters are not
correct over this range of variables,

A different approach is used in the result shown in Fig, VI-4,
The ordinate is simply the octave band power level relative to the
overall power level, The abscissa is again the Strouhal number
using an effective diameter. The correlation of the present work
is very good in Fig, VI-4 (most of the points below the curve re-
sult from the ground attenuation), Comparing this with the other
work in the lower part of the figure shows the agreement to be
good on the ordinate but poor on the abscissa. The shapes of the
curves are similar but seem to be scattered along the abscissa.
Two other sources of data are added on this plot -- that of Mayes
(Ref 12) and another report by Cole (Ref 13).
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The failure of these parameters to correlate the data indi-
cates that the acoustic source characteristics in rocket exhausts
are not defined adequately by the correlation factors involving
the exit velocity and by the various diameters which were used.
Other correlation parameters were tried using the various com-
binations of variables proposed by other investigators. None were
satisfactory in correlation of all the data and few seem to have
any relationship to the physical situation involved.

Potter and Crocker (Ref 9) have demonstrated some success by
considering a cluster of rockets to produce two regions of flow
each of which has a distinctive acoustic identity. One region
near the engine exit is composed of the individual flows in the
cluster., This region has a characteristic velocity and diameter
equal to the engine exit velocity and diameter. The second flow
region exists where the individual exhaust streams have mixed to
produce a flow which has a large diameter and a subsonic velocity,
When the contribution from these two flow regions to the power
spectrum are compared, it is seen that the large diameter sub-
sonic flow is the major contributor to the low frequency part of
the spectrum, and the individual flows produce the major effect
in the high frequency end of the spectrum, The subsonic portion
produces the '"peak'' in the overall power spectrum,

Using a method developed by Potter and Crocker, the velocity
(US) and the diameter (DS) were calculated for the clusters of

the present work, This velocity and diameter are those at the
exit of a nozzle which would produce the combined flow. Using
these velocities and diameters, the spectra shown in Fig, VI-5
were calculated, The single-engine subsonic velocity and diam-
eter were determined from the nondimensional curves of Anderson
and Johns (Ref 14). For an exit Mach number of 3.5, the end of
the supersonic core is found at x/ de equal to 42, Taking the

temperature decay curves and the known exit temperature, the
stream static temperature at the core tip was calculated to be
860°R. Since the Mach number is 1.0 at this point, the stream
velocity (US) was determined to be equal to 2630 fps. The spread-

ing characteristics of the stream are also given by Ref 14 for a
number of rocket motors, The effective stream diameter at the
end of the supersonic core was determined by the radial velocity
distribution at this point, Taking points on the radial velocity
distribution curve where the velocity is 10% of its centerline
value resulted in a diameter (DS) of 15 in,
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Using these subsonic velocities and equivalent diameters re-
sult in good correlation of the spectra in Fig, VI-5, The heavy
line on Fig, VI-5 is from Harris (Ref 15) and is the generalized
spectrum for subsonic air jets and jet engines. The agreement is
very good except at the Strouhal numbers above the peak., This
part of the spectrum is undoubtedly influenced by the flow noise
produced near the nozzle exit in the unmixed region. The peak
Strouhal number is about 0.25, and the peak occurs on the ordi-
nate at a value of about +4 db,

The procedure for the calculation of the subsonic velocity
and diameter are not well defined. For example, the temperature
decay in the stream depends critically on the amount of afterburn-
ing in the exhaust as well as the thermodynamic properties in the
flow, It is also difficult to fix a diameter since the flow has
a developed turbulent flow profile at this point.

Potter and Crocker (Ref 9) make certain assumptions in devel-
oping the equations for the determination of the '"mixed" velocity
and diameter of a cluster of rocket motors, It is not known how
closely the present cluster plumes conform to these assumptions,
mainly because of lack of information on the afterburning in the
exhaust,

The success demonstrated by Potter and Crocker and apparent
correlation observed with the present data is sufficient evidence
to warrant further investigation in this area. Another conclusion
which might be drawn is that the major sources of noise in the
supersonic rocket exhaust stream may very well be in the highly
turbulent subsonic region of the flow,

C., DIRECTIVITY INDEX -

The directivity index is a measure of the departure of the
source directional characteristics from that of a point source,.
It is determined by comparing the measured SPL at a point in the
far-field with the average SPL at the same distance from the source,
These values can be obtained from each 1/3-octave band for every
firing by using the tabulated data in Appendix A, The difference
between the power level and the average SPL is approximately 50 db
for the 120-ft radius and the existing atmospheric conditions.
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For comparison, the data which have been plotted in Fig., VI-6
represent the smoothed curve through the overall directivity in-
dex data points for each cluster configuration. One curve only
is used for the three single-engine firings and one for the three
five-engine cluster firings because of similarity, The symbols
at the top of Fig, VI-6 are for identification only and are not
data points, The plot shows that the peak of the overall direc-
tivity indices shifts to angles closer to the exhaust axis as the
number of engines in the cluster increases. A more meaningful
condition is that the peak in the directivity index curve shifts
toward small angles as the spectrum content is dominated by lower
frequency components, A later figure will demonstrate that lower
frequency components peak at smaller angles than the higher fre-
quencies; consequently, the shift in the overall directivity in-
dex curves is not surprising,

Comparing these results with the data of Cole (Ref 10 and 13)
and Morgan (Ref 6), the lower plot in Fig. VI-6 is the result,
In general, the shape of the curves is similar, but the single-
engine data from the present work is shifted to higher angles.
Morgan's single engine is about the same size but produces a much
different directivity index curve., The directivity index at an-
gles close to the exhaust axis seem to exhibit the greatest scat-
ter, It's difficult to say whether this is the result of meas-
urement scatter, a characteristic of the source directivity (i,e.,
sensitivity of the source directivity index at this angle), or
some other as yet unrecognized phenomena, Some of the other
data available for comparison were not used because of anomalies
within the whole body of the data.

Lee and Semrau proposed in Ref 16 that the directivity patterns
for a given 1/3-octave band were the same for different jet en-
gine nozzle configurations whose overall directivity index curves
were quite different., They demonstrated with a limited amount of
data that this proposal had some merit, This concept, if proven
true, would be a useful directivity correlation technique since
the overall directivity would be a function mainly of the distri-
bution of energy in the power spectrum, In other words, if in
two different spectrums the 1/3-octave band directivity indices
are the same at a given frequency, then the one which has the
greater intensity will influence the overall directivity index
more than the other,.
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Fig. VI-6 Comparison of the Overall Directivity Indices
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In Fig, VI-7, the directivity indices from four 1/3-octave
bands are plotted using the 11 firings of the present work. These
four bands cover a frequency range which encompasses the PWL spec-
trum peak of each firing. The agreement is quite good at many
angles and very close for all angles in the 3150-cps band,

The data at 20 deg is distinguished by the wide scatter particu=-
larly at the lower frequencies., This method does not offer a
great deal of promise considering the observed wide scatter.

D. APPARENT SOURCE LOCATION

The concept of a specific area in the exhaust stream that
contains the major sources in a given frequency band has been
proven useful by many investigators, It is recognized that, in
reality most of the exhaust stream contributes to some extent to
the power level of each frequency band.

The distribution of the 1/3-octave band SPL along the stream
boundary given in Appendix A demonstrates this fact. What is us-
ually meant by '"source location'" is the axial location of the peak
of this distribution, This point should not be interpreted as
the actual location of the major source, since an effect of re-
fraction in the stream on the directivity has been shown (Ref 17).

The apparent source location has been determined by the trav-
erse of a microphone along the stream boundary during a firing.
The method of data reduction is discussed in Chapter IV, This
moving microphone method shows the variation of SPL with distance
but with the variation as a function of time superimposed, From
the data in Appendix A, it can be seen that this is somewhat of
a problem at the lower frequency because it is difficult to se-
lect the peak accurately.

The apparent source locations are plotted in Fig. VI-8 as the
Strouhal number as a function of the axial distance from the noz-
zle exit plane in nozzle diameters. The exit velocity and the
effective diameter are used as parameters. The correlation of the
data from the various cluster configurations is fair, but this
group is displaced from the single-engine curves. The reason for
this disparity is not known unless it is that the exit velocity
and effective diameter are not good correlation parameters, The
use of the exit diameter of a single engine was tried but this
resulted in much larger scatter,
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Fig. VI-8 Apparent Source Location Data Compared with Other Results
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Apparent source location data from three other sources are
included for comparison in Fig. VI-8 from the indicated sources,
The Titan IIIC data were obtained with a microphone at the top
of the umbilical tower. The SPL in each 1/3-octave band was
plotted as a function of liftoff distance, enabling the source
distribution to be calculated., Although the vehicle has two
solid rocket motors (SRMs), the nozzle diameters of a single
SRM has been used in plotting the data since the exhaust streams
show little interaction. The data from Morgan (Ref 6) were taken
using a line of stationary microphones along the exhaust stream
boundary, The exit Mach number is given for reference.

The data acquired by Mull (Ref 18) was obtained by a single
microphone traversing the boundary of the exhaust of a super-
sonic, cold, air jet,

There is fair agreement between Morgan's results and the
present cluster data and between the other sources and the single-
engine measurements, In general, the correlation is not a satis-
factory one; it has too much scatter. A correlation technique using
the subsonic parameters used for the power spectrum analysis
might prove more useful if sufficient data on all the exhaust
stream conditions could be obtained,

The overall source locations at the top of Fig. VI-8 are
simply the apparent location produced by a traverse with no fil-
tering. This information was not available for all the refer-
ences but, for those shown, indicates that the apparent location
of the overall noise is about 10 effective diameters from the
nozzle exit plane.

E. NEAR FIELD

The data taken in the near field have proven the least ame-
nable to correlation, The near-field radiation characteristics,
varying source to receiver distances, and effects of reflecting
surfaces are all troublesome factors,
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The near-field data in this study were taken at the nozzle
exit plane and at two places upstream of this point. The exit
plane microphone was suspended in the air adjacent to the ex-
haust stream, The two other pickups were placed above a "'simu-
lated vehicle skin'" surface. These two microphones were spaced
three effective nozzle diameters and sixteen effective nozzle
diameters from the engine exit plane. This means, for example,
that the physical distance from the exit was larger for the eight-
engine clusters than for the five-engine clusters. The sound
pressure level spectrums for two different clusters would be ex-
pected to be equal if the following conditions are met for each
frequency band:

1) The ratio of the effective source to receiver dis-
tances are equal to the ratio of the effective noz-
zle diameters, or for the twelve- and eight-engine

clusters, r r, =D D ;
12 /%8 elz/ e

2) The near-field directivity functions are the same for
both clusters;

3) The ratio of the acoustic power is equal to the ratio
of the effective diameters squared,

For condition 1) to be met, the major sources would have to be
located at the nozzle exit plane. This has been previously demon-
strated to be incorrect., Condition 2) is difficult to assess
accurately, If the directional effects observed in the far field
are indicative of the near-field case, then Fig, VI-6 and VI-7
both show, that for angles close to the upstream axis, there is

a marked change in directivity with clustering configuration.
Finally, condition 3) is met when considering the overall power
level but not in the various frequency bands.

Figure VI-9 is a plot of the SPL spectrums at the x/De =16
position for four program firings. It is obvious that the scatter
is wide and in the light of the foregoing discussion is to be ex-
pected,
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It is of interest to note that, if a pair of near-field meas-
urements of one firing are used to obtain the apparent source lo-
cations by the amplitude correlation method, the results give a
source distribution much closer to the engine exit than does the
traversing microphone., One possible explanation of this finding
has to do with the distribution of acoustic energy in the exhaust
stream in a given frequency band. Sources of acoustic energy in
a given frequency band are distributed along the exhaust stream,
Therefore, sources close to the exit plane (although less intense
than the major source) can make the major contribution to the near
field because of the small source-to-receiver distances., This can
be demonstrated if the power level distribution is taken to be the
same as the SPL distribution given in Appendix A,

There is an effect of the cluster configuration as demon-
strated in Fig. VI-10. The SPL spectra at the exit plane are
plotted for the three twelve-engine clusters, The extremely high
peak in the 5-kc band is present in all the near-field spectra.
This was demonstrated in Ref 1 to be a pure tone component with
strong radiation along the stream axis,

Finally, Fig. VI-11 demonstrates, that for cluster config-
urations, the near-field levels may not increase as the number
of engines in the cluster increases. These measurements taken
at the nozzle exit plane show the spectrum from the twelve-engine
firing (Firing No. 10) to be lower in some frequency bands than
the five- and eight-engine cluster spectrums, This phenomenon
is apparently associated with the directivity and source location
as previously discussed.
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VII. CONCLUSIONS

The following conclusions result from the study of the data
from both Phase I and Phase II and from comparison with the re-
sults of the referenced sources,

The results of the present study indicate that the acoustic
efficiency is about 1/4% for most of the clusters and the single
engine, There is an effect attributed to clustering which re-
duces the total acoustic power produced by some of the clusters
from that which would be expected based on the single-engine
efficiency.

Comparison with other data shows a wide variation in the
measured efficiency for sources with similar mechanical powers,

The power spectra from the present work can be correlated
by using the exit velocity and an effective diameter, This cor-
relation technique does not work well when the data from other
investigators are used. A velocity and diameter based on the
subsonic portion of the stream was used to correlate the present
results, and agreement with the generalized power spectrum for
subsonic jets was found.

The overall directivity is a function of the number of noz-
zles in the cluster (or the peak frequency of the power spectrum),
with the peak in the directivity index curve shifting from 70
deg for the single engine to 50 deg for the twelve-engine cluster.

The directivity index curves compared with other data show a
fair agreement when the sizes of the clusters or single nozzles
are similar.

A plot of the 1/3-octave band directivity curves shows a
surprising similarity for the different clusters at some fre-
quencies but poor similarity at others, The greatest data scat-
ter occurs at angles close to the exhaust axis,

The apparent source locations are not well correlated using
the effective diameter of the cluster, There is good agreement
between the single-engine source locations and such different
sources as the Titan ITIIC data.
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The near-field measurements were designed to determine the
adequacy of the effective diameter as a correlating dimension for
the cluster configurations., The correlation is very poor, indi-
cating that other parameters must be considered,

The effect of the ground plane absorption is evident in the
data and, as demonstrated in the Phase I report (Ref 1), has .
proven a source of difficulty in other measurement programs,
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VIII. RECOMMENDATIONS

In correlating the available acoustiec data produced by high-
speed flows, it becomes apparent that the large number of wvariables
is a hindrance to this approach. In rockets, the composition of
the exhaust gases, the degree of expansion (exit static pressure},
and the amount of afterburning in the exhaust are typical of the
variables whose effects are difficult to define and may signifi-
cantly influence the radiated acoustic field. For the supersonic
rocket exhaust stream, very little correlation exists between the
aerodynamic characteristics of the flow and the related acoustic
sources. Many of the correlation parameters that have been pro-
posed use variables that their proponents confess are difficult
to relate to the acoustic source mechanism. The approach used in
this work of using parameters in the subsonic region of the ex-
haust may have some merit if the approach is proven to be general-
1y applicable and if this subsonic velocity and diameter can be
related to other known exhaust stream variables. For these rea-
sons two specific recommendations in this area are enumerated:

1) To measure the acoustic field produced by rockets
where the development of the exhaust stream is known
with a degree of accuracy. This will probably re-
quire aerodynamic measurements in the exhaust plume
and would permit an accurate determination of the
significant correlation parameters;

2) Further study of existing acoustic data should be
made to determine the merit of using the subsonic
parameters in correlating the power spectrums, ap-
parent source location, and near-field noise. Some
research to determine necessary engine characteris-
tics will be required for most of the existing data.

The phenomenon of the ground absorption discussed at some length
in the Phase I report (Ref 1) has proven a source of difficulty in
interpreting and using the data from many tests, including the pres-
ent work, demonstrating the need for a better understanding of this
effect. The particular relationship between the source and receiver
heights and the ground plane impedance should be investigated using
both theoretical and experimental techniques.
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A-2

Table A-2
1/3-Octave-Band Sound Level in Decibels (in db re. 10712 watte)

Freq Program Firing Number

1 2 3 | & 5 6 7 8 9 10 [ 11

50 2.5 | W1 |42 157.5 |158 157 1159.5 | 159 163.5 | 164 161.5
63 | 1y 143 145 159 160 159.51162.5 | 161.5 | 164.5 | 165 163
80 148.5 | 146.5 1 148.5 |160.5 [162.5 | 161.5[163.5 | 163.5 | 167.5 [166.5 |165

100 149 148.5]150.5 |162  |163 161.5|164 163 167.5 | 167 165
125 150 150.5 | 152.5 {162.5 |162.5 | 162 |162.5 | 164.5 |167.5 {168  [166.5
160 152.5 | 152.5 | 154.5 |163.5 |164.5 | 164 [163.5 | 165 169 169 {167
200 151.5 | 152.5 153 165  |164 164 |164.5 | 167 172 1172 166
250 149.5 |152.5|152.5 |163 |161.5 | 162.5|162.5 | 163 170.5 |17 |165
315 146 149 | 149.5 [161.5 |16l 161.5}161.5 | 164 }170 |170  |165.5
400 6.5 |47 |150.5 {157  |159 160 |{158.5 | 163 172 172.5 |167
500 | 153 151 |154.5 |160.5 |161 160.5]162.5 | 161 |170.5 [172.5 [167
630 156.8 | 155.5 | 158 163 163 163 |164 160 166 167 160.5
800 159.5 {158 {160 {165.5 |165 165 [165.5 | 162 }165 [|165.5 {160.5

1000 159.5 |160 |160 |165 165 164.5|166 164.5 |165.5 {165.5 [160.5

1250 156 159.5 |157.5 |162  [163.5 | 163.5]165 165 165.5 |166.5 {162

1600 156.5 |156.5 |158 161  |161.5 |162.5]162.5 |163.5 |166.5 [167.5 |16k

2000 159.5 (158 |161 |164  [163.5 |162.5(164.5 |162 |166 167.5 |164

2500 156.5 |160.5 {158.5 |162  [163 163 |163 164 162.5 164 163

3150 159.5 |158.5 |161 }162.5 ]162 162.5 163 164 164  |164.5 |161.5

4000 157.5 |158.5 [159.5 |161.5 |16l 162 |162.5 |163.5 [161 {162,5 [162

5000 158 158,5 |160.5 {162.5 [161 161.51162,5 |163.5 {161 162 {162

6300 157.5 |1s8 |160 |162 [159.5 |160.5[161.5 |162.5 {160  [160.5 [160

8000 156.6 157 }160 |162 158 160 |16l 161.5 |160.5 [160.5 [160.5

10000 156.5 |156.5 {160  |162  [157 159,50159.5 |160.5 |158 |59  [159.5
oA 169.5 |170  |171.5 |176  |176 176 1m7 177 181 [181.5 |178
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Table A-3 1/3-Octave-Band Sound Pressure Levels in Decibels
(db re: 0.0002 pbar)
Program Firing No. 1 Single Engine
Sample Time 3.5 Seconds
Center *

Freq. 20° 30° 4o° 50° 60° 70° 90° 125° 160° D 3D, 16 D,

cps 120' 120' 120' 120' 120* 120*' 120" 120* 120!
50 99 98 96.5 94.5 91 90 86 86.5 84,5 124 114k 106.5

63 100 99.5 98 98.5 94 92.5 88 88 8 123 113 10k4.5
80 105 104.5 103 101.5 98.5 96 90.5 89.5 87.5 122 113 105.5
100 104 105 103.5 103 100.5 98 92 91.5 87.5 121.5 112.5 107.5

125 101  104.5 103 105 103.5 102 95 92 89.5 121 112.5 110.5
160 94 102.5 103.5 110.5 107 103.5 96.5 94 90 121 113.5 111
200 90 98 104 107 107 103.5 97 94.5 89 121 115 112
250 90.5 96 101 100 105.5 104.5 96 93 88.5 121  115.5 114
' 315 85 91 96 99.5 101 100 93.5 90.5 86.5 122 117 114.5
L0oo 92 95.5 99.5 101 98.5 100 96 90.5 86 125 120.5 114
500 93 98 103 106 106.5 108.5 102 91 87 127.5 123 117
630 98.5 102 105 109 110.5 113.5 105 93.5 89 125.5 121.5 116
800 97  102.5 107 110.5 113.5 116 107.5 97.5 90.5 126.5 122.5 116.5
1000 98.5 101.5 105.5 110.5 113  115.5 107 99.5 91.5 128 123 116.5
1250 96 98.5 103 112 108 110.5 105 99 92.5 131 125.5 118.5
1600 95.5 98 101 106.5 108.5 111 108 97 93 132 128 120.5
2000 96 100 103.5 108 111.5 114.5 111.5 103.5 94.5 134.5 132 122.5
2500 95.5 98.5 101.5 104,.5 107.5 110.5 109 103 93.5 136 132.5 123
3150 100 101 102.5 106.5 110.5 113 112 105 97.5 137.5 134  125.5
4000 100 100.5 102 105.5 107 111.5 109 104.5 98 139.5 135 127.5
5000 102 103 104.5 106.5 108.5 111 109 106.5 102 143.5 140 133
6300 103 103.5 104 107 108 111 109 106 101 1k2.5 139 132

8000 103 103.5 103 105 107 110 107.5 103.5 99.5 143 138.5 131
10000 103  103.5 103 _ 105 106.5 110 _ 107.5 104.5 100 143 139.5 130.5
OA 113.5 115 117 120.5 122 124 120 114.5 109 150 %36.5 139

. *Extrapolated Data, See Text

A-3
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Table A-4 1/3-Octave-Band Sound Pressure Levels in Decibels
(db re:

Program Firing No. 2

Center

Freq.
cps
50
63
80
100
125
160
200
250
315
koo
500
630
800
1000
1250
1600
2000
2500
3150
kooo
5000
6300
8000
10000

OA

20°
120!

30°
120!
95.5 96.5
97 99
99.5 102
101.5 10k
102 10h4.5
101.5 103
99.5 98.5
95 95.5
88.5 91.5
88 93
91.5 97
95 99.5
95.5 100.5
93 99.5
92.5 98
92 96.5
94.5 97
94 97.5
95.5 98.5
93.5 97
95.5 97.5
9%5 98
9k.5 97

95 97 101.5 103.5

110.5 113

Lo°
120"
96
98.5
102.5
104.5
104.5
104
104
101
96.5
96
101
104.5
105.5
104.5
102
100
102.5
102
102.5
101.5
102.5
102
101.5

116

0,0002 pbar)

Sample Time 4.0 Seconds

50°
120"
94
96
99.5
101.5
105.5
108
108
102.5
98.5
99.5
105.5
107
109.5
109.5
114
104.5
106.5
106
105.5
104.5
104.5
105
104

120

Single Engine

60° 70° 90° 125° 160° D 3D
120' 120' 120' 120' 120' ¢ °
90.5 87 85 85 8 117 107
92.5 90 88 87 86 116.5 107
97.5 94.5 90 89.5 88 116 109
100.5 97.5 93 91 88.5 116 111
103.5 101.5 95 92 90.5 117.5 113
108 104 95.5 93.5 91 118 114
108 104 98 95 91 119.5 117
109 106.5 98.5 94 90.5 121 118
105 104 97.5 93 90 121.5 119.5
100 102 95 92  88.5 124 121.5
103 106.5 98.5 90.5 89 126.5 122.5
108 111.5 10k 91.5 90 128 124.5
111.5 114 107.5 94 90 129.5 125.5
112 116  109.5 97.5 90.5 131.5 126.5
110 114 110.5 99 92.5 133 131.5
106 111 109.5 99.5 93.5 137 135.5
110 111 111.5 98.5 93.5 138.5 135
'108.5 112.5 115 103 92.5 140 135
108.5 110.5 112.5 103.5 97.5 140 136
107  110.5 112.5 105 96.5 142 136.5
107.5 111 111.5 106 98.5 144.5 142.5
107 109 112 105.5 99.5 144 137
106 108 110.5 104.5 98  144.5 137.5
105.5 108 110 105 99 _ 144.5 136,5
121 123.5 122.5 114 108 152 147

16 D,
98.5
98.5

102.5

106.5

110.5

110.5

111

115

115

114

117.5

118

118

119.5

121.5

122.5

123.5

123.5

121.5

123.5

124

122.5

121.5

121

133.5




‘Table A-5 1/3-Octave-Band Sound Pressure Levels in Decibels

Program Firing No. 3

Center

Freqg.
cps
50
63
80
100
125
160
200
250
315
4oo
500
630
800
1000
1250
1600
2000
2500
3150
4000
5000
6300
8000
10000

OA

Martin-CR-66-75

(db re: 0,0002 pbar)

Sample Time 4.0 Seconds

A-5

Single Engine

70° 90° 125° 160° D

20° 30° ho° 50° 60° 3 D, 16 D,
120" 120' 120' 120' 120' 120' 120' 120' 120'

97 98 96 95 93.5 89 86.5 8  85.5 119.5 107.5 96
99.5 101 100 98 95.5 92 89.5 87.5 86.5 119 108.5 98
103 105 103.5 101.5 99.5 96.5 91 91 88.5 118.5 109 102.5
104.5 107 105 103 102.5 100 94.5 90.5 89 117 111.5 106.5

105.5 107 103.5 107.5 106.5 103.5 97 92.5 90 117.5 112.5 109
104 109.5 105 109 109.5 104.5 97.5 94 90.5 119 113 109
102.5 103.5 106.5 108.5 108 104 98.5 94 91 121 116.5 110
99.5 99 104.5 101.5 110 105 97 93 91.5 121 117 114
93 92.5 98.5 100 108.5 100.5 95 92 90.5 122.5 119.5 114.5
93 96.5 99.5 103.5 108 103 96.5 95 89.5 127.5 124.5 115.5
9% 103 103.5 111.5 106 110 99.5 95 88 127 126 117.5
98 104 104 108 111 115 104.5 95 88 126.5 123 117
99 104 106 109.5 114 117 107.5 98 92.5 128.5 124.5 117
96.5 103.5 105.5 111.5 114 ~ 115.5 109.5 100 94.5 130 125.5 118.5
96.5 99 104 114 108.5 109 109 101 96 131.5 130 120
97.5 99.5 101.5 105.5 110 113.5 109 100 97 134.5 133 121
99.5 102 105 108 112 114,5115 102 96 137.5 134 122.5
98,5 100 103 105.5 107.5 111.5 112 104.5 97 138 134 121
100 101.5 104.5 107.5 110.5 112.5 115 105.5 99 139 138 122
99.5 101.5 103 105.5 111 111 113 107 100.5 142.5 140 125
102.5 103 104 106.5 109 111 114 109 102.5 151.5 143.5 128
99.5 101.5 104 106.5 109.5 111 113 108 101 145.5 140 124
98.5 101 102.5 105.5 109 111 113.5 107 101 142.5 138 122.5
_99.5 101 103 105.5 109 111 113.5 107.5 101 143 138 122.5
117 117.5 121.5 123 125 123.5 116.5 110.5 154.5 148.5 134

114



Program Firing No. &4

Center

Martin-CR-66-75

0.0002 pbar)

Sample Time 3.1 Seconds

Freq. 20° 30° 4o° 50° 60° 70° 90°
cps 120' 120' 120' 120' 120' 120' 120
50 109 112 113.5 113.5 109 103.5 99.5
63 108 112.5 115.5 116 111.5 105.5 102
80 109.5 11% ~ 116.5 117 113 108.5 103
100 111  114.5 117 118 115.5 112 105.5
125 110.5 113.5 115.5 117 117 115.5 106.5
160 98 105.5 111.5 116.5 121 118 107
200 98 106 112.5118 122 119 108.5
250 103 107.5 111.5 113.5 117 120 107.5
315 101 103 106.5 110.5 115.5 118 107
Loo 101 105.5 109 111 110.5 110 105
500 98.5 106 111 114 112.5 117 106.5
630 100 104,.5 108.5 112 116 119.5 112
800 100 105 109.5 114 118.5 122 114.5
1000 99.5 104.5 109 114 118.5 121 115
1250 99.5 104.5 109 112.5 114.5 117 114
1600 99 102.5 105.5 108.5 112 115.5 112.5
2000 101 104 107.5 110.5 115 117.5 117.5
2500 100.5 103.5 106  108.5 111 115.5 115
3150 102 104 106.5 109 111.5 116 115
Looo 101.5 103.5 105.5 108 110.5 114 113.5
5000 105.5 107.5 109 110 111 114.5 114.5
6300 102 105 107.5 109.5 111 115 114.5
8000 101 104 106.5 109 111 115.5 114
10000 102 104.5 106.5 109  111.5 115  114.5 109.5
OA 119 122.5 125 127.5 129.5 130.5 126

*Interpolated Data, see text.

125°

120"

98
100
101
102
102
103
104
102.5
102
100.5
100
100
103
105
106.5
105.5
105
108.5
108.5
110.5
111.5
110
109.5

120

Tabié A>-67 1/3-0ctave-Band Sound Pressure Levels in Decibels
(db re:

Five Engines

igg: D, 1.3 D, 7.1 De
"100.5 129 120.5 108.5
102 127.5 120.5 108.5
101 128.5 121 111.5
101 127.5 121.5 116
101.5 128.5 122 118.5
102 129 123 118.5
102 130.5 126 121
101.5 132 127 122.5
101 132 129 124.5
99.5 133.5 130.5 123..
98  133.,5 131  124.5
97 133.5 130 124
99 134 129.5 124
100,5 135 131 125.5
102 136.5 135 126
102.5 138.5 136.5 127
102 142.5 137 129.5
103.5 145 139 129
106 144 141 128.5
109.5 149 146 133
110 156.,5 152 137
108.5 150 144,5 130.5
108.5 147.5 143 129.5
108 149 143,5 128.5
118.5 159.5 155 142
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Table A-7 - 1/3-Octave-Band Sound Pressure Levels
(db re: 0.0002 ybar)

Program Firing No. 5

Sample Time 4.0 Seconds

in Decibels

Five f!ngines

Center
Freq. 20° 30° hLo° 50° 60° 70° 90° 125° 160° D 2D 16D
cps 120* 120*' 120' 120* 120* 120* 120' 120' 120° ¢ e ¢
50 106 113 115.5 113 109 107 100 99.5 102 128 115.5 109
63 105.5 113.5 118 115.5 111.5 107 102 101 102 127.5 115.5 109
80 109.5 115.5 120.5 118.5 114.5 109.5 102 102 102 128 116 109.5
100 109.5 116 121 118 115 111.5 104.5 102.5 101 128 118.5 110.5
125 107.5 116.5 118.5 116 116 115.5 105 103 101 128.5 120 116.5
160 104.5 114,5 114 117 121.5 119.5 105.5 104 102 129.5 121 118.5
200 102.5 112.5 114 118 121 117.5 106 105 102 131 124.5 119
250 100 107 111 113.5 116 117.5 105 104 105.5 132 126 124.5
315 100 104 110 110.5 116 117 105 103 101.5 134 129 125.5
Loo 101.5 103.5 111 111 112 115 104.5 102 100.5 135.5 132 126.5
500 99 104.5 114.5 115 112 116.5 106 100.5 98 133.5 130 120
630 99.5 105.5 113.5 114 115.5 119.5 111 102 97 134.5 129.5 121
800 99 105.5 109.5 113.,5 117 121.5 114 105.5 100 135.5 130 ~122.5
1000 99 104.5 110 114 117.5 121 115 107.5 102 137 131.5 122
1250 99 102.5 109.5 116.5 114 118 115 107.5 103 138 134 123.5
1600 98.5 102 107 110 112 116 11k 106.5 103 140.5 136.5 12k
2000 101 103 106.5 110 113.5 117 117 109 103.5 144.5 137.5 125.5
2500 101 103 106 109.5 111.5 116 116 110 104 147 139 126
3150 102 103.5 106 108.5 111.5 115.5 114.5 109.5 106.5 145.5 137.5 125.5
Looo 101,5 103 106 108 110.5 113 113 109.5 107.5 151 142 128
5000 103.5 104.5 106.5 108 110 113 112.5 110.5 108 155.5 148 130.5
6300 99.5 102.5 105.5 107 108.5 112 111.5 108.5 106 150 1k2.5 126.5
8000 98.5 101 104 105.5 107.5 110 110 107 105 148 139 126
10000 98 100,5 104.5 104 107 109.5 109 106.5 104.5 148 140 126.5
OA 117  124.5 128 128 129 130.5 125.5 120 117 159.5 152 138



A-8

Table A-8 1/3-Octave-Band Sound Pressure Levels

(db re:

Program Firing No. 6

Center

Freq.
cps
50
63
80
100
125
160
200
250
315
4oo
500
630
800
1000
1250
1600
2000
2500
3150
Looo
5000
6300
8000
10000

0A

Martin-CR-66-75

0.0002 pbar)

in Decibels

Five Engines
Sample Time 4.0 Seconds
20° 30° Lo° 50° 60° 70° 90° 125° 160° D 3 D, 16 D,
120' 120' 120' 120' 120' 120' 120' 120' 120'
106 112.5 114 112 108 105.5 99.5 96.5 102 128 115 108
105.5 113.5 116,5 116 111.5 108 100.5 99 104 127 116 109
108.5 113.5 118.5 118 114.5 109.5 102 99 103.5 128.5 117 109
108 113.5 119 117.5 114.5 110.5 104 100.5 102.5 128.5 119.5 110.5
107.5 115.5 118 117 115 115 106 101 102.5 129.5 120 115.5
104  117.5 115 114.5 119 119 106.5 101.5 107.5 130.5 120.5 116
108 116 113 115.5 120 119.5 107 102.5 105.5 131.5 124 119
103.5 110.5 112.5 114.5 116 119 108 101.5 102.5 132 125 124.5
102 110 111 112 115.5 117.5 107.5 100.5 102.5 134 128.5 125.5
100.5 109 112 113 113 115.5 107.5 99 101.5 135 131 '126.5
96.5 108.5 115.5 110.5 111.5 115.5 110.5 99 98 134 129 120.5
95 108 114.5 108.5 112 118 115.5 100 97.5 135 129 120
o4 106.5 111 111.5 114.5 119.5 118 103.5 100.5 136 129.5 122
95 106 109 112.5 116 119.5 116 105.5 102.5 137.5 131.5 122
94,5106 109 113 114.5 118 116 106 102.5 138.5 133.5 123
95 105 109.5 111.5 112.5 115.5 115.5 105.5 102.5 140.5 135.5 12k
97.5 104 107 110 112.5 116 116 106.5 104  144.5 137.5 125
99.5 103.5 106.5 109 111.5 116 116 108.5 105.5 147 138.5 125.5
99.5 10k.5 107 109.5 111.5 115 115.5 108 107.5 146.5 139 126
101.5 106 107 109 110.5 114 114.5 110 109 151.5 142 128.5
103 107.5 107.5 109 111 114 113.5 110.5 110 156.5 149 130.5
101 106 107 108.5 110 113 113 109.5 108.5 151 143 127
100 105 106.5 107.5 109 112.5 112 108.5 108 148,5 139.5 126.5
_99.5 105.5 106 107  108.5 111  111.5 108 107.5 149.5 141 127
118 124.5 127 127 128 130 127 119.5 119 160 152 138
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Table A-9 1/3-Octave Band Sound Pressure Levels in Decibels
(db re: 0.0002 ;bar)

Program Firing No. 7 Eight Engines -~ Saturn IB Config.
Sample Time 3.5 Seconds

Center hd

Freq. 20° 30° 4o° 50° 60° 70° 90° 125° 160° D, 3D, 16 D,
cps 120' 120' 120' 120' 120' 120' 120' 120' 120°'
50 109 115 116 115.5 112 106.5 102 102.5 104.5 126 111 109.5
63 110.5 115.5 118.5 119  117.5 107.5 10k 104 105 126.5 112.5 110.5
80 111 115 119 121.5 118.5 110 104.,5 103 106 128 114 111
100 109.5 116 120 121  119.5 111 107 104.5 104.5 128 117.5 109.5

125 106.5 115 116.5 117 116.5 116 107.5 105.5 103.5 127.5 119 113.5
160 102 117.5 116 114.5 116 119.5 107.5 106 103 128 120 119.5

200 99.5 110 114 115.5 119.5 120.5 109.5 106.5 103 130 125 119.5
250 98.5 103.5 108 110.5 116.5 119.5 108.5 105 103 132 125 123.5
.’ 315 99.5 104 107 109.5 114 119 107.5 103.5 103.5 133 127.5 124.5
400 99 105 109.5 113 114 112.5 105 102.5 100 134.5 130 123.5
500 100.5 109 113.5 117 118 117.5 107 101.5 99.5 133 129 121
630 101 108,5 112.5 115.5 118 120 111.5 101 103.5 133.5 129 121
800 101.5 109 113 115.5 120.5 121.5 114 106 103.5 135.5 129 123
1000 101  108.5 112.5 115.5 119 121 117 109.5 104.5 137.5 131 123
1250 100.5 105.5 113.5 118.5 119 118.5 116 110 103.5 137.5 131.5 123.5
1600 101  104.5 108.5 111.5 117.5 116 114 107.5 103.5 142 133.5 126.5
2000 102.5 106 110 112.5 116.5 118.5 116.5 109.5 105.5 143 133.5 126
2500 103.5 105 107.5 110.5 114 116.5 115.5 110 106.5 146 135.5 127
3150 105 107 109 110 112.5 117.5 114.5 110.5 109.5 146.5 137.5 127
Looo 105.5 106.5 108 110 112.5 115 114.5 110.5 110.5 152.5 139.5 129.5
5000 107 108 109 110 112 115 114 111 111 157 141 131.5
6300 104,5 107 108.5 109 110 114.5 113.5 109.5 109 151.5 138.5 127

8000 104 106.5 108 109 110 114 112.5109 109 150 136.5 127
10000 103.5 105.5 107 108 110 112.5111 108 108 150 136.5 127
0A 119 125.5 127.5 129.5 130.5 131 126.5 121 119.5 160.5 148 139

. *Interpolated Data, See Text
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Table A-10 1/3-Octave-Band Sound Pressure Levels in Decibels
’ (db re: 0.0002 pbar)

Program Firing No. 8 Eight Engines, Circular Config.
Sample Time 4.0 Seconds
Center
Freq. 20° 30° 4o° 50° 60° P0° 90° 125° 160° D, 3D, 16 D,
cps 120' 120' 120' 120' 120' 120' 120' 120' 120" )
50 110.5 116.5 111 115 110.5 107.5 103 100 105 132 112 109
63 110.5 117 115 118.5 115 108.5 104.5 101 105.5 131  113.5 109
80 112.5 117 117 121.5 117 112 104 101.5 107 130 116 110.5
100 112.5 118 117 120.5 116  112.5 105.5 102.5 105 130.5 117.5 110.5
125 112 118.5 116.5 118 119 119 107.5 103.5 104 133.5 119 113
160 109.5 119.5 114 118 122 119 107.5 104.5 103 132.5 120 118
200 107 116.5 111 122 124.5 120 109 105 102.5 132.5 123.5 118.5
250 102 111  110.5 118 119.5 116.5 108.5 103.5 101.5 133.5 124 121.5
315 101 109 109 116 119 120.5 108 103 101.5 134.5 126.5 122.5
Loo 101.5 108 114.5 120 118.5 116 106 101 100 135 129 122
500 101.5 108 111.5 118 117 113 104.5 103 99 134,5 128 121
630 102 108.5 111.5 113.5 114.5 114.5 109.5 101 102 136 128 120
800 103 108.5 108 114 116.5 116 113 103.5 101.5 136 129 122
1000 102.5 107 107.5 116 118 118.5 116 107.5 103 138.5 131 123.5
1250 102 106.5 106.5 118 117 118.5 117.5 110 104 140 132 124
1600 102 107 105.5 114 114.5 117 116 110 105.5 142 134.5 126
2000 103 105.5 103.5 112.5 112.5 113.5 115.5 109 106 1k2 135 126.5
2500 103.5 106.5 103 111.5 114 116 117.5 111.5 107 143 135 125.5
3150 105 108.5 104.5 112.5 114.5 116  116.5 112.5 109.5 145.5 136  126.5°
4000 106.5 108.5 104.5 112.5 113 113.5 116 114 111 151 140.5 129.5
5000 108 109 105 111.5 113 114 116 113.5 111.5 158.5 146.5 132
6300 105.5 108 104 111.5 112.5 113 115 112 109.5 151 138 127
8000 104 107 103 110.5 112 113 113.5 111.5 109 150 137 127

10000 103.5 106.5 102 _ 109.5 111,5 112  112.5 110  108,5 150.5 136.5 127
OA 121.5 127.5 125.5 131 131 130 127 122.5 120 161 149.5 138.5
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Table A-11 1/3-Octave Band Sound Pressure Levels in Decibels
(db re: 0.0002 pbar)

Program Firing No. 9 Twelve Engine Clusters
Sample Time 3.0 Seconds
Center
Freq.  20° 30° 40° 50° 60° 70° 90° 125° 160° D 3D 16D
cps 120" 120' 120' 120" 120' 120' 120' 120' 120' @ °© ° ¢
50 109.5 118 120.5 119 114 114.5 104.5 100.5 102 126 109.5 110
63 111 117 121.5 120.5 116 114.5 106 101.5 102 128.5 111.5 109.5
80 112 118 125 124 120 116.5 106 101 103.5 127.5 112 109.5
100 112.5 117.5 124 124.5 120 117.5 108 102 101.5 127 116.5 108.5
125 112 117.5122 123 121 121 109 102 101 127.5 118 112.5
/ 160  118.5 120.5 122.5 124.5 124 122.5 109 103 101 128 118.5 117.5
. 200 113.5 117 119.5 126.5 129.5 125.5 111 106 103.5 130 124, 120
250 115 113.5 118 126 125 125.5 111.5 106.5 104.5 131.5 125 124
315 117.5 113 117.5 126  124.5 124 116 107.5 105.5 134 128 125.5
400 110 112.5 117.5 130 124.5 126  114.5 107.5 110 136 129 125
500 110.5 111.5 121.5 130.5 121.5 120 111 105 113.5 132 127.5 120
630 110 107 113 122 117.5 120.5 112.5 104.5 110.5 132.5 126.5 120
800 109 106.5 112.5 122 116.5 119 112 102.5 103.5 134 126 117
1000  105.5 105.5 114.5 122.5 118 120 112.5 102.5 100 136 126.5 117.5
1250 102.5 105.5 111 119.5 119 120.5 114.5 106  99.5 138 129 120
1600 102.5 106 111.5 118 118.5 121 118 107.5 101.5 142 131.5 123.5
2000 103.5 106 110 117.5 115.5 120 118.5 109 103.5 143 132.5 124
2500 102.5 104.5 107.5 113.5 114.5 116 114.5 108 102.5 143.5 133  123.5
3150  103.5 105.5 109 112 114.5 117.5 116 110 106 145.5 132.5 124.5
4000 104 105 108 111 112 114.5 113.5 109.5 107 150 136 126
5000 104 105.5 108 110.5 111 113.5 113 110 106.5 154 138 126
6300 103 103.5 106.5 108.5 109.5 112.5 112 109 105.5 149.5 134 122
8000 103.5 103.5 106 109 110 113 112 109 106 149 133 122
. 10000  _100.5 102.5 104  107.5 108 111 _ 109.5 107 _ 104 _ 148.5 131.5 120
OA  125.5 127.5 132.5 137.5 134.5 134.5 126.5 120.5 119 158.5 144 136

A-11
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Table A-12 1/3-Octave-Band Sound Pressure Levels in Decibels

Program Firing No. 10

(db

re:

0.0002

pubar)

Sample Time 2.5 Seconds

Center
Freq.  20° 30° 40° 50° 60° 70° 90°
cps 120! 120' 120' 120' 120' 120! 120°
50 109 118 120 120 114 115.5 105
63 110.5 118 121.5 120,5 116 117 106
80 111.5 115.5 123.5 123 119 118 106.5
100 111.5 117.5 122.5 123.5 119.5 119  107.5
125 110.5 118 123 122 121 122.5 109.5
160 113 118.5 119.5 123.5 124 124 109
200 110 115.5 119 125.5 131 123 110.5
250 106 113 117 125 123.5 128 111
315 105 112 117 124.5 124 126 112
400 107 111.5 119 126.5 125 129 113.5
500 102.5 108 119 132.5 123 123 112.5
630 103.5 105.5 113  122.5 119.5 122.5 113
800 103 106 111.5 119 118 121 113.5
1000 102 106.5 113 122 116.5 120 113.5
1250 102 107 113 120 118.5 121.5 116
1600 102.5 107 112.5 120 119.5 121.5 118.5
2000 103 107 110.5 118,5 119 122.5 118.5
2500 102 105.5 109.5 114 115 119 114.5
3150 103.5 106 109.5 113.5 115.5 118.5 116
4000  104.5 105.5 109.5 111.5 112.5 116 113
5000 105.5 107 108.5 111  111.5 115 112.5
6300 103 104.5107 110 110 114.5 111
8000 103 104 106.5 110.5 110.5 114.5 111.5
10000 100.5 102.5 105 109  108.5 113 _ 110
OA  121.5 127 131.5 137 135.5 136 127

125°

1201
102
102.5
104
105
105.5
106.5
107
107.5
107
107.5
106
105
105.5
108.5
111.5
111.5
112.5
111
112
111
111.5
109
109

Twelve Engine

160°

120!
103.5
104
104
103
102.5
102.5
103
102
101
107
106
100
101.5
100
100.5
103.5
104.5
102
104
105
105.5
102
102

De 3D

131.5 118.5
130.5 121
130.5 120.5
130.5 120.5
128 121.5
128,5 122
128.5 128.5
128.5 131
129.5 130.5
131 128.5
129 127
128.5 124
128.5 124
129.5 124
131.5 125
134.5 127
138 129.5
141 132.5
L2 135
1,7 140
151 143
.7 137.5
146.5 135

Circular Canted

. 16D,

119.5
119.5
121.5
120.5
123
125.5
127.5
129.5
130.5 ‘l.
130
128
129
127.5
127
129.5
132
133
133.5
133.5
137
140
135
135

107.5 100.5 146 135.5 135

122.5

117

155 W7

146
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Table A-13 1/3-Octave-Band Sound Pressure Levels in Decibels

(db re: 0.0002 ybar)

Program Firing No. 11

A-13

Twelve Engines Circulaf

Sample Time 3.0 Seconds

# Extrapolated Data, See Text

Center * (e} (+] (o] (o] (o] (»] (o] (o] (¢]
Freq.  20° 30° 40° 50° 60° 70° 90° 125° 160
cps 120" 120' 120! 120' 120" 120t 120' 120' 120!
50 107.5 116.5 119.5 117 111 108.5 105  99.5 102.5
63 109.5 116  120.5 119.5 114.5 109.5 105.5 101 103
80 112.5 116.5 122.5 121,5 117 111 106.5 101.5 103.5
100 112 118 122.5 122 1316.5 112,5 106 103 102.5
125 113.5 121 124 122.5 116 114.5 108 104 101.5
160 114.5 120 122.5 124, 118 118.5 107.5 104 101
200 112.5 118 121.5 118,5 120,5 119 109 105 102
250 108.5 115.5 120 120,5 118 119 109.5 104 101,5
315 108.5 115.5 118.5 124 115 116 109.5 105.5 101.5
400 105.5 110 126 123 115.5 116 109.5 106 105
500 100.5 106 124 126 112 112 107 104 107
630 100 103 118 116.5 109 110 109 102 102
800 100.5 103.5 115.5 116  109.5 108.5 112  101.5 100
1000 99  103.5 115.5 114.5 112.5 113 109.5 104  100.5
1250 100 104 113 114 114.5 114.5 113 108 101.5
1600 100 104.5 111.5 112.5 114, 115 117.5 109 103
2000 101.5 105.5 110.5 111.5 111,5 114.5 118.5 109.5 104.5
2500 103 106,5 109.5 112 112 113.5 115 110.5 106.5
3150 103 105.5 109.5 109.5 112  112.5 113.5 111 105
4000 107 107.5 110.5 111 110.5 113 114 111.5 109.5
5000 106 107 110 111 111.5 111 113 113  107.5
6300 106 106 108 109.5 108.5 110.5 111,5 109  105.5
8000 106.5 105.5 108.5 110 110 112 111.5 110 106
10000 105 105 107.5 110  108.5 111.5 110 110 105
OA  122.5 128 133.5 133.5 128.5 128 126 122

D, 3D, 16De
127.5 114.5 108
127.5 116.5 108
128 116 108.5
128.5 117 107.5
127.5 119 111.5
128 121 116.5
130.5 129 118
130.5 129 118.5
132.5 126,5 121
136 129 121
134.5 129 119.5
134 128,.5 119.5

"135.5 128 117
137 130 118
139.5 130.5 121
3.5 132 12,
L 132.5 124.5
5 133 123.5
7 134 125
151.5 137.5 126.5
156  139.5 127.5
151.5 134 124

150.5 133.5 124.5

151 132.5 123.5
118.5 160.5 145.5 135.5
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~ FIGURE A-lb
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FIGURE A-lc
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FIGURE A-3b

TRAVERSE MI!CROPHONE

PROGRAM FIRING NO. 4

SPL DISTRIBUTION

1334 ‘INVd LIX3 31ZZ

9

0o

L

h -
/

o]

qp G'6¢

/

//

N\

§d0 0CIE

N

aP S'0S 1 —
, _/ §35 6052

P GOt

N

P SLl
§d9 009

P G661 —
§395° 0002

®sLel

® G 9¢!

om _ WOd4 3JONVLSIO




Martin-CR-66-75

A-22

FIGURE A-3c
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FIGURE A-4a
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FIGURE A-4b
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FIGURE A-4c
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FIGURE A-6a

SPL DISTRIBUTION TRAVERSE MICROPHONE
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FIGURE A—6b
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FIGURE A-7a
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